Modelling equilibrium data for manganese(II) sorption onto manganese oxide modifi ed chalcedonite using the non-linear regression method. Manganese dioxide is characterized by the acidic type of surface and high value of negative surface charge. It shows sorption and oxidation properties to such pollutants as heavy metals, radionuclides, arsenate(III), iodide. In the water conditioning technology it is used to modify various materials, including chalcedonite, which was the subject of the research presented in this paper. The manganese(II) equilibrium sorption was modeled using the non-linear regression method and basing on the Langmuir, Freundlich, Redlich-Peterson as well as pseudoLangmuir isotherm equations. The determination of the isotherm equations parameters was run in two ways: by the minimization of the sum of the squared errors (SSE) as well as the minimization of the average relative error (ARE). The experimental data was best described in the Langmuir's isotherm equation, with the determination coefficient r 2 = 0.916. The calculated parameters of the equation equaled: q m = 1.07 mg/g and b = 1.55 L/ /mg. The three-parameter equations of RedlichPeterson and pseudo-Langmuir, assuming the possibility of multilayer sorption, came down to the Langmuir's equation. It serves as proof of monolayer sorption of manganese(II) onto manganese dioxide modifi ed chalcedonite.
INTRODUCTION
The underground water, compared with the surface water, is characterized by more stable composition, lower pollution content and higher sanitary stability (Kowal and Świderska-Bróż 2009) . For these reasons, it is more preferred in producing drinking water. A commonly occurring additive in the underground water is i.a. manganese(II), which does not constitute a hazard for human health, but must be removed from water for economic and aesthetic reasons. The highest concentration of manganese (II) in potable water in Poland is 0.05 mg/l, according to the order of the Ministry of Health from 20th April 2010 (Gazeta Prawna 72, pos. 466), which introduces recommendations stated in the European Commission Directive 98/83/EC, concerning the quality of potable water. The data of ordinary underground water land monitoring run by the State Inspection of Environmental Protection show that the highest acceptable manganese(II) concentration is exceeded in 55% of underground water intakes (Świątczak et al. 2008) . In numerous cases the highest acceptable manganese(II) concentration is exceeded in the distribution network water, especially in small water intakes (Świątczak et al. 2008) .
One of the most popular methods of demanganization of the underground water is fi ltration through fi lters with a surface covered by manganese dioxide. It can be: natural manganese dioxide coated sand, i.e. quartz sand naturally covered by the oxide due to persistent fi ltration of water containing manganese(II); catalytic beds containing pyrolusite (β-MnO 2 ), which do not require regeneration; chemically active beds with catalytic properties, requiring regeneration by an oxidant. The mechanism of removing manganese(II) from water onto manganese dioxide is complicated and involves the rapid process of ion sorption, which is followed by the process of slow oxidation of ions (Olańczuk-Neyman 2001) .
The manganese dioxide shows slight amphoteric features and especially active catalytic features, connected to the capability of giving up oxygen (Bielański 2004) . The manganese dioxide can occur in more than ten natural and synthetic polymorphs which assume an amorphic or crystalline form, with a tunnel or layered structure (Fritsch et al. 1997; Feng et al. 1999) . The surface of MnO 2 has an acidic character and its pH pzc is equal between 1.5 and 5.0 of pH, depending on structure and age (Murray 1974) , hence in water solutions of pH higher than pH pzc the surface charge of dioxide is negative, which favors metal sorption (Lee et al. 2004) . The value of the surface charge of MnO 2 is high, hence this dioxide has a higher ability to clean water from metals than other oxides (like e.g. SiO 2 , TiO 2 , Al 2 O 3 i FeOOH, Al-Degs et al. 2001) .
A lot of research was conducted on the use of powdery manganese dioxide -it was successfully used to clean water solutions from heavy metals (Kanungo et al. 2004a; Kanungo et al. 2004b; Tripathy et al. 2006) The aim of the paper is to characterize the process of manganese sorption onto manganese dioxide modifi ed chalcedonite by adjusting non-linear equations of sorption isotherms to experimental data.
MATERIAL AND METHODS

Sample preparation
The chalcedonite samples were obtained from "Teofi lów" deposits, located in Poland in the region of Tomaszów Mazowiecki and Nowe Miasto. Chalcedonite is a siliceous sedimentary rock and its chemical composition is given in literature (Michel 2011; Ratajczak and Wyszomirski 1991) . Chalcedonite sand used in the studies consisted of grains of a diameter of 0.8-1.25 mm. The modifi cation was accomplished by the precipitation of manganese(IV) oxide in direct contact with the surface of the mineral carrier and binding with this surface. 100 g of chalcedonite was immersed in 20% solution of manganese(II) sulfate. The chalcedonite was then placed in 250 ml of 5% potassium permanganate to precipitate the manganese dioxide. Next, the sample was washed in distilled water, dried in an oven at 100°C and then the modifi cation procedure was repeated.
Chalcedonite grains were coated by amorphous manganese dioxide. Its physical characteristics, determined by the nitrogen adsorption isotherm technique at 77.4 K, are: specifi c surface area 9.88 m 2 /g, total pore volume 0.030 cm 3 /g (Michel 2008). The manganese dioxide modifi ed chalcedonite will be referred to by MDMC.
Batch experiment
Sorption experiments were carried out by shaking out chalcedonite samples of various mass (0.1-1.0 g) with 100 ml of aqueous solution of manganese(II) chloride (MnCl 2 ) of desired concentrations 1.0 and 5.0 mg Mn/L. Sorption isotherms were made for the solution at pH 6.0 and at 283 K. The time of reaction was 3 h. Manganese(II) ion concentration in sorptives before and after sorption was determined using Atomic Absorption Spectrophotometer (PG Instruments).
The amount of manganese sorption at equilibrium q e (mg/g), was calculated using the equation: 
where C 0 and C e (mg/L) are respectively initial and equilibrium concentrations of manganese(II) ion in solution, m is the mass of used MDMC (g) and V is the volume of the solution (L).
Data treatment
To model the equilibrium sorption data, there were examined the Langmuir (Langmuir 1916), Freundlich (Freundlich 1906 
where q m , b, K F , n, A, B, g, b 1 and b 2 are constants of isotherms. A trial-and-error procedure was used for the non-linear regression method using the solver add-in with Microsoft spreadsheet, Microsoft Excel. Two ways were used to adjust the equation parameters: the minimization of the sum of squared errors (SSE) and the minimization of the average relative error (ARE). The best fi t of the isotherm equations to the experimental data was tested using the determination coefficient r 2 .
RESULTS AND DISCUSSION
The results of studies on sorption of manganese(II) on the MDMC are presented in Tables 1 and 2 as well as Figures  1 and 2 . For the fi tting of the isotherms model to experimental equilibrium data the non-linear regression method was used. As it was reported, it is a more complex mathematical method to obtain isotherm parameters, because in non--linear equations error structures are the same when the best-fi tting isotherms are compared (Ho et al. 2005; Ho 2006 ; Salarirad and Behnamfard 2011). The best fi t of the isotherms to the experimental data was obtained for the SSE method with the highest determination coeffi cient r 2 . This was the case when all of the sorption isotherm equations were considered. Using the aforementioned methods (SSE and ARE), the obtained values of isotherm coeffi cients are slightly different. It is connected to different run of functions describing the experimental data, which is presented on Figs 1 and 2 . Therefore, in the further part of the paper, the isotherm coeffi cients calculated with the SSE method will be analyzed.
The comparison of the two-parameter models of sorption isotherms (Tab. 1) shows that the experimental data is better MDMC is a chemically active material which is characterized by the sorption and oxidation ability of manganese(II) ions. During demanganization, the material loses its properties which can be restored by regeneration with potassium permanganate (Michel 2009). It is probable that the manganese dioxide coating the surface of chalcedonite grains is reduced to oxides on a lower oxidation state as a result of the oxidation of the manganese(II) ions existing in the water being treated. The reduced oxides are neutral to the manganese(II) ions, hence a monomolecular sorbate layer forms there and the depletion of sorption properties of MDMC can be observed.
CONCLUSIONS
• Using the non-linear regression method, the best-fi tting of the isotherms to the experimental data was obtained by the minimization of the sum of the squared errors, with the highest determination coeffi cient r 2 .
• The experimental data is best described in the the Langmuir's isotherm equation. For the empirical Freundlich's 
